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PURPOSE. To analyze the effect of a resolvin D1 (RvD1) analogue (RvD1a) on dendritic cell
maturation, T-cell sensitization, and allograft rejection in corneal allotransplantation.
METHODS. The receptor expression of RvD1 (ALX/FPR2) on bone marrow–derived dendritic
cells (BMDC) was measured using quantitative real-time PCR. We determined BMDC
maturation after treatment with RvD1a using ELISA to measure interleukin (IL)-12 protein
expression and flow cytometry to assess the expression of CD40, major histocompatibility
complex (MHC) II, CD80, and CD86. After corneal transplantation in BALB/c mice, we
analyzed T-cell infiltration in the cornea and the draining lymph nodes using flow cytometry.
The enzyme-linked immunospot (ELISPOT) assay was used to measure T-cell sensitization via
the direct and indirect pathway. Angiogenesis and lymphangiogenesis in the cornea after
transplantation were measured using immunohistochemistry. Graft opacity and survival were
evaluated by slit lamp biomicroscopy.
RESULTS. The receptor for RvD1, lipoxin A4/formyl peptide receptor 2 (ALX/FPR2), was
expressed at a significantly lower level on immature than mature dendritic cells (DCs), and
RvD1a reduced DC expression of MHC II, CD40, and IL-12 following lipopolysaccharide (LPS)
stimulation. Using a murine model of corneal transplantation, RvD1a-treated hosts exhibited
significantly reduced allosensitization as demonstrated by decreased frequencies of interferon-
gamma–secreting T cells in the draining lymph nodes, and reduced T-cell infiltration into the
grafts. Graft survival was significantly enhanced and angiogenesis at the graft site was
suppressed in RvD1a-treated hosts compared with vehicle-treated hosts.
CONCLUSIONS. These results suggest that RvD1 inhibits DC maturation and reduces alloimmune
sensitization following transplantation, thereby establishing a novel connection between
resolvin D1 and the regulation of DC-mediated, antigen-specific immunity.
Keywords: transplant rejection, resolvin, dendritic cell
Resolvins are lipid mediators that are biosynthesized from x-3 polyunsaturated fatty acids.1 The biosynthesis of resolvins
plays an important role in resolution of acute inflammation.2
Resolvin D1 (RvD1, 7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,
15E,19Z-docosahexaenoic acid) is produced via the transcellular
biosynthesis of docosahexaenoic acid [DHA] by leukocytes,
endothelial and epithelial cells,3,4 macrophages,5 and lymphoid
tissues.6 Resolvin D1 mediates potent anti-inflammatory actions
and reduces the duration and magnitude of inflammation in
complex immune-mediated diseases.7–12 Earlier, we demonstrat-
ed that RvD1 significantly suppresses innate immune responses,
including polymorphic neutrophil (PMN) infiltration and
interleukin (IL)-1 secretion following acute corneal inflamma-
tion.13 Resolvin D1 has also been shown to limit PMN
infiltration in murine peritonitis, block transendothelial migra-
tion of human PMNs, and enhance phagocytosis by human
macrophages.14–17 Although a recent report demonstrated that
RvD1 promotes clearance of allergens in asthma18 and resolvin
E1 (RvE1) reduces dendritic cell (DC) migration and IL-12
production,19,20 the function of RvD1 in adaptive immune
responses remains largely unexplored.
Resolvin D1 selectively interacts with lipoxin A4/formyl
peptide receptor 2 (ALX/FPR2) and G protein-coupled receptor
32 (GPR32) to mediate its proresolving actions.17,21 The
receptor ALX/FPR2 is commonly found on human phagocytic
cells such as dendritic cells (DCs), and its murine ortholog ALX/
FPR2 is found on macrophages,22 neutrophils,23 and DCs.24
However, the expression of ALX/FPR2 and function of RvD1 on
immature versus mature DCs has not been explored.
Dendritic cell maturation is a key factor in host allosensi-
tization and graft rejection, because of the critical function of
DCs in mediating alloimmune responses through both the
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direct and indirect pathways of sensitization.25–27 Mature
resident and donor DCs express major histocompatibility
complex (MHC) class II, costimulatory molecules, and IL-12
after corneal transplantation, and are capable of priming host
interferon-gamma (IFN-c)–secreting Th1 cells in the draining
lymph nodes (DLNs),28,29 which are the main effector cells in
corneal allograft rejection.30–33
Herein, we aimed to investigate whether an RvD1 analogue
(RvD1a, 17R/S methyl RvD1 methyl ester) suppresses the
alloimmune response in the host through inhibition of DC
maturation. We analyzed the effect of RvD1a on DC maturation
using BMDCs in vitro, and investigated the function of RvD1a
on T-cell sensitization and allograft rejection using a mouse
model of corneal allotransplantation.
MATERIALS AND METHODS
Mice
Six- to 8-week-old male BALB/c and C57BL/6 mice (Taconic
Farms, Germantown, NY, USA) were used in all experiments.
Animals were housed in a pathogen-free environment at the
Schepens Eye Research Institute animal facility and all
procedures were approved by the Institutional Animal Care
and Use Committee. The animals were treated according to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.
Generation of BMDCs
Bone marrow–derived dendritic cells (BMDCs) were generated
as previously described.34 Briefly, bone marrow cells collected
from the femurs of 6- to 8-week-old C57BL/6 mice were
cultured in petri dishes at 2 3 106/10 mL RPMI-1640 medium
(Lonza Biologics, Inc., Hopkinton, MA, USA) supplemented
with 10% fetal calf serum (Atlanta Biologicals, Flower Branch,
GA, USA); 2 mM L-glutamine (Lonza Biologics, Inc.); 100 U/mL
of penicillin (Lonza Biologics, Inc.); 100 lg/mL of streptomycin
(Lonza Biologics, Inc.); 50 mM b-mercaptoethanol (Sigma-
Aldrich Corp., Springfield, MO, USA); and 200 U/mL of
granulocyte-macrophage colony-stimulating factor (GM-CSF;
PeproTech, Inc., Rocky Hill, NJ, USA). Medium was changed
every 2 days. On days 5 and 6, nonadherent and loosely
adherent immature BMDCs were harvested. To generate
mature BMDCs, we subcultured the immature BMDCs in 6-
well plates with 100 ng/mL of lipopolysaccharide (LPS; R&D
Systems, Inc., Minneapolis, MN, USA) for 24 hours. The purity
of the DCs used in the experiments was greater than 97%, as
determined by analysis of surface CD11c staining using flow
cytometry analysis. To investigate the actions of an RvD1
analogue (17[R/S] methyl- resolvin D1 methyl ester), denoted
here as RvD1a (prepared as outlined in Kasuga et al.35) on DC
function, 6 ng/mL RvD1a were added during subculture (day 6)
and LPS stimulation (day 8). Cell surface expression of CD40,
MHC II, CD80, and CD86 was analyzed using flow cytometry.
The concentration of IL-12 in the supernatants was assayed
using a commercial ELISA kit (BioLegend, San Diego, CA, USA).
Resolvin D1a was synthesized as outlined in Kasuga et al.35 and
Sun et al.36
RNA Isolation and Real-Time PCR
Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA,
USA) and commercial spin columns (RNeasy MinElute Spin
Columns; Qiagen, Valencia, CA, USA) as previously de-
scribed.37 Reverse transcription of total RNA was conducted
using oligo(dT) primer and reverse transcriptase (Superscript
III Reverse Transcriptase; Invitrogen). An amount of 1 lL of
total cDNA, synthesized from 400 ng of total RNA with random
hexamers, was loaded in each well, and assays were performed
in triplicates. Real-time qPCR was performed with a commer-
cial master mix (Taqman Universal PCR Mastermix; Applied
Biosystems, Foster City, CA, USA) and FAM-MGB dye-labeled
predesigned primers (Applied Biosystems) for ALX/Fpr2
(Mm00484464_s1). Polymerase chain reaction was performed
for 2 minutes at 508C and 10 minutes at 958C, followed by 35
cycles of 15 seconds at 958C and 1 minute at 608C, using a
sequence detection system (ABI PRISM 7900 HT; Applied
Biosystems). Amplification of PCR of the housekeeping gene
encoding Gapdh (Mm999999915_gl) was used as internal
control. A nontemplate control was included in all experi-
ments to evaluate DNA contamination of isolated RNA and
reagents. The results were analyzed by the comparative
threshold cycle (CT) method.
Orthotropic Corneal Transplantation and
Assessment of Graft Survival
The procedures for corneal orthotropic transplantation, in
which corneal grafts from C57BL/6 (H-2b) mice were
transplanted onto BALB/c (H-2d) recipient mice, have been
well-established and described previously.38,39 Briefly, central
2-mm diameter corneal grafts were excised from C57BL/6 mice
with a trephine and micro-scissors (Storz Instrument Co., St.
Louis, MO, USA). The recipient beds were prepared by excising
1.5 mm pieces of tissue from the central cornea of BALB/c host
mice. Prepared donor corneal grafts were then transplanted
onto the host beds with eight interrupted 11-0 nylon sutures.
The sutures were removed 7 days post transplantation.
A total of 100 lL RvD1a (1 lg/mL) or vehicle (0.01% ethanol
with normal saline) were injected intravenously into the
recipient mice on days 0 and 7 post transplantation as
previously described.40,41 The RvD1 analogue 17R/s methyl
was prepared as previously described,36 and its structural
integrity was assessed prior to experiments using published
criteria.42 All grafts were evaluated using slit-lamp biomicros-
copy weekly up to 8 weeks. Grafts were defined as rejected
when they became opaque and the iris details could not be
recognized (score >2 according to a standardized opacity-
grading scheme of 0–5).38
Cell Isolation and Flow Cytometry Analysis
To obtain single-cell suspensions from corneas, corneal tissue
samples were digested in 2 mg/mL collagenase D at 378C, as
previously described.43 Other single-cell suspensions were
obtained from ipsilateral DLNs (submandibular and cervical) or
from in vitro BMDC cultures. Non-specific staining was
blocked with an anti-FcR antibody (R&D Systems), then cells
were incubated with the following antibodies: fluorescein
isothiocyanate (FITC)-conjugated murine anti-CD3 (BD Phar-
mingen, San Jose, CA, USA), anti-CD40, anti-CD80, anti-CD86,
anti-IAb (MHC II), or phycoerythrin (PE)-conjugated anti-
CD11c antibodies (BD Pharmingen). Prior to intracellular
IFN-c staining, cells were stimulated for 4 hours with phorbol
12-myristate 13-acetate (PMA; Sigma-Aldrich Corp.) and ion-
omycin (Sigma-Aldrich Corp.) in the presence of GolgiStop (BD
Biosciences, Franklin Lakes, NJ, USA), and subsequently stained
with a FITC-conjugated anti-CD3 antibody (BioLegend). After
fixation and permeablization (buffers from eBioscience, Inc.,
San Diego, CA, USA), cells were stained with a PE-conjugated
IFN-c antibody (BD Pharmingen) for 30 minutes in staining
buffer at 48C. The cells were thoroughly washed and analyzed
via flow cytometry (EPICS XL; Beckman Coulter, Brea, CA,
USA). All experiments were conducted with parallel staining
with respective isotype controls (primary antibodies and
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isotype controls were purchased from eBioscience, Inc., unless
noted otherwise).
ELISPOT Assay
The enzyme-linked immunospot assay was performed to
measure the frequencies of directly and indirectly primed T
cells, as described previously.43 Briefly, 96-well ELISPOT plates
(Whatman Polyfiltronics, Newton, MA, USA) were coated with
4 lg/mL primary anti–IFN-c mAb (BD Pharmingen) in sterile
PBS overnight. Then, the plates were washed and blocked for
1.5 hours with PBS containing 1% bovine serum albumin and
cells were added to these plates. Purified T cells (5 3 105
CD90.2-positive magnetic activated cells [MACS]–sorted) from
the DLNs of the grafted BALB/c mice (eight of each group, 3
weeks post transplantation of C57BL/6 donor corneas) were
pooled and then incubated in triplicates with C57BL/6 antigen-
presenting cells (APCs; 53 105 CD90.2-negative, MACS-sorted
splenocytes) for 48 hours to quantify frequencies of directly
allosensitized T cells. To quantify frequencies of indirectly
allosensitized T cells, syngeneic (BALB/c) APCs (1 3 106)
pulsed with sonicated donor antigen (2 3 107 C57BL/6 APCs/
mL) were incubated with BALB/c recipients’ T cells; T cells
harvested from lymph nodes of naive BALB/c animals served as
controls. After washing, biotinylated anti–IFN-c detection mAb
was added at 2 lg/mL (BD Pharmingen) and incubated
overnight at 48C. The plates were then washed, incubated
for 1 hour with avidin-HRP and developed using amino-
ethylcarbazole staining solution (Sigma-Aldrich Corp.). The
resulting spots were analyzed using the computer-assisted
ELISPOT image analyzer (Cellular Technology Ltd., Cleveland,
OH, USA).
Corneal Wholemount and Immunofluorescent
Staining
Freshly excised corneas were washed in phosphate-buffered
saline, fixed in acetone for 15 minutes, and then double stained
with CD31 and lymphatic vessel endothelial hyaluronan
receptor (LYVE)-1 as described previously44 using goat anti–
mouse CD31 FITC as a panendothelial marker (Santa Cruz
Biotechnology, Dallas, TX, USA), diluted 1:100; and purified
rabbit anti–mouse LYVE-1 as a lymphatic endothelial marker
(Abcam, Inc., Cambridge, MA, USA), diluted 1:400. Rhodamine-
conjugated goat anti-rabbit (BD Pharmingen, 1:100) was used
as a secondary antibody.
Statistical Analysis
Dunnett’s multiple comparison tests and ANOVA or Student’s t-
test were applied for the data analysis. Kaplan-Meier survival
curves were analyzed in a log-rank (Mantel-Cox) test. Results
are presented as the mean 695% confidence interval (CI), and
error bars represent the 95% CI. Values of P  0.05 were
considered statistically significant.
RESULTS
RvD1a Inhibits LPS-Induced BMDC Maturation
We first investigated the gene expression level of the RvD1
receptor ALX/Fpr2 on both DCs and T cells. We cultured
BMDCs for up to 6 days in the presence of GM-CSF to obtain
immature DCs, then LPS was added for 24 hours to generate
FIGURE 1. Resolvin D1 analogue inhibits LPS-induced BMDC maturation. (A) Quantitative RT-PCR analysis showing ALX/Fpr2 mRNA expression in
immature DCs (imDC) and mature DCs (mDC; 1495.6 6 110.0 vs. 588.8 6 11.5, n¼3, P¼0.008); P values were calculated using the Student’s t-test
and error bars represent mean 6 SEM. Data shown are representative of three independent experiments. (B) The concentration of IL-12p70 in
culture supernatant was measured 24 hours after LPS stimulation in RvD1a and vehicle-treated BMDCs using ELISA (216.0 6 9.1 vs. 168.2 6 3.2, n¼
4, P¼ 0.0025, t-test). (C) Gating on CD11c-positive cells, the expression of CD40, MHC II, CD80, and CD86 in RvD1a- and vehicle-treated BMDCs
were measured by flow cytometry. We cultured BMDCs from days 0 to 6 and treated with 6 ng/mL RvD1a on days 6 and 8. Lypolysaccharide was
added to stimulate maturation on day 8 for 24 hours. Data shown are representative of three independent experiments.
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mature DCs. Real-time PCR was performed showing that ALX/
Fpr2 is expressed 2.5-fold higher on immature DCs than
mature DCs (Fig. 1A). However, no ALX/Fpr2 expression was
detectable in T cells isolated from DLNs of either na¨ıve or
grafted mice 3 weeks after allogeneic corneal transplantation
(data not shown). Since anti-murine ALX/FPR2 antibody is not
commercially available, we were unable to assess its protein
expression. To investigate the functional effect of RvD1a on DC
maturation, BMDCs were stimulated with LPS on day 8 and
treated with 6 ng/mL RvD1a or vehicle on days 6 and 8.
Twenty-four hours after LPS addition, we analyzed the
supernatant using ELISA and observed a significant lower IL-
12 concentration in RvD1a-treated BMDCs compared with the
vehicle-treated cells. Gating on CD11c positive cells, flow
cytometry analysis revealed that RvD1a treatment reduces the
frequencies of CD40þ (63.1% vs. 79.0% vehicle) and MHC IIþ
(68.5% vs. 85.0% vehicle) by approximately 20% compared
with the vehicle-treated BMDCs. However, RvD1a treatment
did not significantly alter the expression of CD80þ and CD86þ
on BMDCs (Fig. 1C).
RvD1a Inhibits Host T-Cell Allosensitization
Through Both Direct and Indirect Pathways
Interferon gamma–producing T cells are the principal media-
tors of acute corneal allograft rejection. Following corneal
transplantation, both CD4þ and CD8þ T cells are activated and
have the ability to reject allograft.45 Therefore, we determined
the frequencies of total IFN-c producing CD4þ as well as CD8þ
T cells in the DLNs 3 weeks after transplantation using CD3þ,
CD4þ, CD8þ, and IFN-c costaining. We observed significantly
decreased frequencies of IFN-cþ CD4 T cells among total CD3þ
T cells in the RvD1a treated group compared the vehicle-
treated group. Frequencies of IFN-cþCD8 T cells were lower in
RvD1a treated mice compared with vehicle-treated mice,
however not significantly (Fig. 2A).
Given that host T cells are allosensitized either directly by
donor APCs or indirectly by host APCs, we further investigated
the frequencies of directly or indirectly primed of IFN-c
producing T cells using the ELISPOT assay. In the RvD1a-
treated group, the frequency of allosensitized T cells in the
host DLNs were significantly lower in both direct (746 6 21 vs.
FIGURE 2. Resolvin D1 analogue treatment suppresses host T-cell allosensitization. Allografted BALB/c mice were treated intravenously with 100 ng
RvD1a or vehicle on days 0 and 7 post transplantation. Mice were analyzed 21 days post transplantation. (A) Flow cytometry analysis of IFN-c
expressing CD4þ and CD8þ T cells among CD3þ T cells in the draining lymph nodes from RvD1a- and vehicle-treated host DLNs 3 weeks post
transplantation is shown (representative plot, 500,000 events/sample). CD4þIFN-cþ: 2.4% 6 0.4% vehicle versus 1.1% 6 0.5% RvD1a treated, n¼ 8,
**P¼0.009); CD8þIFN-cþ: 1.9 6 0.4% vehicle versus 1.6% 6 0.2% RvD1a treated, n¼8, ns). (B) ELISPOT assay shows IFN-cþT cells primed by either
donor (direct) or host (indirect) APCs. Direct pathway (T cells stimulated by C57BL/6 splenic APCs), vehicle 988 6 54 versus RvD1a 746 6 21
spots/106 T cells, n ¼ 8, *P ¼ 0.014; indirect pathway (stimulated by BALB/c splenic APCs and sonicated with C57BL/6 antigen), vehicle 43 6 6
versus RvD1a 24 6 4 spots/106 T cells, n¼ 8, *P¼ 0.048; P values were calculated using the Student’s t-test and error bars represent mean 6 SEM.
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988 6 54 spots/106 T cells, P¼ 0.014) and indirect (24 6 4 vs.
43 6 6 spots/106 T cells, P¼ 0.048) pathways, compared with
the respective vehicle groups (Fig. 2B).
RvD1a Inhibits Graft T-Cell Infiltration, Graft
Angiogenesis, and Promotes Corneal Allograft
Survival
Systemic RvD1a administration led to a 22% reduction of host
T-cell recruitment into the grafts compared with the control
group 3 weeks post transplantation (Fig. 3A). Graft bed
vascularity is the leading risk factor for allorejection in corneal
transplantation.46 Thus, we examined the angiogenic and
lymphangiogenic response after transplantation using biomi-
croscopy weekly for up to 8 weeks. Over the 8-week
observation period, the graft angiogenesis score was consis-
tently lower in the RvD1a-treated than in the vehicle-treated
group (Fig. 3B). In addition, we examined the blood (CD31þ)
and lymphatic vessels (LYVE-1þ) of the grafted corneas using
immunofluorescence staining 21 days after transplantation
(Fig. 3C). Quantification of the vascularized areas in corneal
wholemounts showed that RvD1a treatment significantly
reduced the de novo generation of CD31high LYVE-1 blood
vessels as well as CD31low LYVE-1high lymphatic vessels (CD31:
7.6% 6 0.8% vs. 12.9% 6 1.6%, n ¼ 6, P < 0.00001; LYVE-1:
6.5% 6 1.0% vs. 11.1% 6 1.4%, n ¼ 6, P < 0.00001; Figs. 3D,
3E) compared with vehicle-treated mice. Finally, graft opacity
scores were significantly lower (Fig. 3F) and graft survival (%)
was significantly higher in RvD1a-treated mice compared with
the vehicle-treated control mice (graft survival: 76.9% in the
RvD1a-treated group, 37.5% in the controls; log-rank analysis, n
¼ 16, P ¼ 0.02; Fig. 3G).
DISCUSSION
In the current study, using a stable analogue of the proresolv-
ing mediator RvD1, we investigated its actions on in vitro
generated BMDCs as well as its effect on alloantigen-specific
T-cell responses in an in vivo model of corneal transplantation.
Previous studies have demonstrated that RvD1 plays a
prominent role in resolving acute inflammation through
reduced neutrophil recruitment, enhancing phagocytosis, and
reducing cytokine secretion in corneal angiogenesis, vascular
inflammation, and pulmonary inflammation.13,17,47,48 The
importance of ALX/Fpr2 in mediating the anti-inflammatory
functions of RvD1 has previously been demonstrated.17,49
Recently, the receptor ALX/FPR2 was found to mediate RvD1
actions in human phagocytes,16 and evoke homeostatic tissue
functions of RvD1 in resolution through specific proresolving
microRNAs.21 In human monocytes, ALX/FPR2 (also known as
FPRL1) is downregulated as they differentiate into DCs.50 We
demonstrate here that there is a 60% reduction in the
expression of ALX/Fpr2 in LPS-stimulated mature murine
BMDCs (Fig. 1A), suggesting that RvD1 may primarily affect
immature BMDCs and that furthermore, the expression level of
ALX/FPR2 on DCs may be functionally relevant. In contrast, the
mRNA expression of ALX/Fpr2 in both na¨ıve and primed T
cells was undetectable (data not shown), indicating that RvD1
may not have a direct effect on T cells. We additionally found
that RvD1a-treated BMDCs displayed reduced expression of
MHC II, CD40, and IL-12p70 (Figs. 1B, 1C). Our results are in
line with previous studies using DHA, arachidonic acid, and
eicosapentaenoic acid to inhibit maturation of LPS-stimulated
BMDC cultures.51,52 Docosahexaenoic acid has been shown to
effectively suppress IL-12 production by DCs.51 However, the
expression of CD80/CD86 costimulatory molecules was not
significantly changed, suggesting that RvD1 may modulate DC–
T-cell interactions through the CD40-CD154 pathway, but not
through the CD80/86-CD28 pathway. Both MHC II and CD40
are critical for T-cell sensitization after corneal transplanta-
tion,53 which suggests that RvD1 may indirectly affect the graft
survival through maintaining the low maturation state of DCs.
Similar results were reported for another member of the
resolvin family, RvE1. Dendritic cells treated in vitro with RvE1
maintained an immature phenotype because RvE1 prevents
upregulation of maturation markers as well as costimulatory
molecules and reduces IL12p70 production.19,20 The original
RvE1 structural assignment of stereochemistry and total
organic synthesis showed that this action of RvE1 is similar
to LXA4 and its receptor ALX on PMNs.
19 These data support
our findings that RvD1 regulates inflammation and adaptive
immune response through ALX on DCs.
Although the actions of RvD1 on DCs and T cells are not yet
studied,54 the RvD1 precursor DHA leads to reduction of
costimulatory molecules and cytokine production in human
monocyte-derived DCs and murine BMDCs.51,55–57 Dendritic
cells treated with DHA show reduced ability to activate naive T
cells to differentiate into Th1/Th17 effectors in an experimen-
tal encephalitis model.58 Previous data have shown that IFN-c
secreting T cells,31 especially the Th1 cells, play a key role in
corneal allograft rejection.45,59 In corneal transplantation, the
allograft rejection is mediated by adaptive immunity, whereas
innate immune responses conducted by PMNs and macro-
phages may contribute to the nonspecific inflammation.
However, these innate cells are not responsible for graft
rejection upon alloantigen recognition. Nevertheless, previous
data showed that RvD1 acts on human PMNs and macrophages
in vitro and regulates their trafficking and functions in many in
vivo mouse and rabbit models.2,8,15,16 These effects may
reduce nonspecific inflammation in the host microenviron-
ment; some innate cells also play a role as APCs and thus
indirectly contribute to the suppression of adaptive alloim-
mune response to the graft, although the principal APCs in
corneal allograft transplantation are DCs.60 Accordingly, we
show herein that RvD1a treatment reduces not only the IFN-cþ
CD4 and CD8 T-cell differentiation in the DLNs (Fig. 2A), but
also suppressed CD3þ T-cell infiltration into the graft (Fig. 3A),
demonstrating that RvD1a effectively inhibits allosensitization.
As a result, we observed improved opacity scores and higher
graft survival rates in the RvD1a-treated group compared with
the vehicle-treated group (Figs. 3F, 3G).
Both donor- and host-derived DCs are able to sensitize T
cells, via the direct and indirect pathways, respectively.31 Thus,
we used the ELISPOT assay to differentiate between both
pathways, and found both pathways to be impaired after
RvD1a treatment (Fig. 2B), suggesting that RvD1a actions are
not dependent on the origins (donor versus host) of DCs, and
are not strain-specific.
The normal cornea is both alymphatic and avascular.61
However, corneal lymphangiogenesis significantly enhances
the trafficking of graft antigens and alloantigen-bearing APCs to
the DLNs,33 while corneal angiogenesis significantly promotes
effector T-cell trafficking to the graft.62,63 In addition to its
effects on DC function and sensitization, we demonstrate here
that RvD1a treatment significantly reduced the extent of
angiogenesis and lymphangiogenesis after corneal grafting
(Figs. 3B–E). Our current data are in accord with the results
of a previous study applying RvD1 locally in a suture-induced
neovascularization model.13 Thus, we speculate that in
addition to its suppressive effect on allosensitization through
downregulation of DC maturation, RvD1 and its stable
analogue may also suppress alloimmunity via inhibition of
local angiogenic responses.
In summary, we demonstrate here, for the first time, that
RvD1a inhibits DC maturation and that systemic application of
Resolvin D1a Suppresses DC Maturation and Alloimmunity IOVS j September 2014 j Vol. 55 j No. 9 j 5948
FIGURE 3. Resolvin D1 analogue promotes corneal allograft survival by suppressing graft T-cell infiltration and angiogenesis. Allografted BALB/c
mice were treated systemically with 100 ng RvD1a or vehicle on days 0 and 7 post transplantation. (A) Flow cytometry analysis shows the
frequencies of CD3þ T cells among the total digested corneal cells from the RvD1a- and vehicle-treated hosts 21 days post transplantation. Corneas
were harvested and digested in collagenase D at 378C to obtain a single cell suspension. The frequencies of infiltrated CD3þ T cells in the cornea
were reduced in RvD1a-treated mice compared to vehicle-treated mice (pooled sample n¼ 8/group, total events 50,000/sample). Data shown are
representative for three independent experiments. (B) Corneal graft angiogenesis was scored biomicroscopically in a masked fashion with a slit
lamp according to a standardized scoring grid. Scores in the RvD1a-treated group were significantly lower compared with the vehicle group (Two-
way ANOVA with Bonferroni posttest, n¼ 8, P < 0.0001). (C) Representative epifluorescence micrographs display whole corneas from na¨ıve and
RvD1a-treated as well as vehicle-treated hosts (n¼ 6/group). Tissues were harvested 21 days post transplantation and stained with anti-CD31 Ab
(green) and anti-LYVE-1 Ab (red;34 magnification). (D, E) The percentage of the corneal area covered with blood vessels (CD31high/LYVE-1) 7.6%
6 0.8% RvD1-treated versus 12.9% 6 1.6% vehicle-treated, n ¼ 6, P < 0.00001 one-way ANOVA with Tukey’s posttest (D) and lymphatic vessels
(CD31low/LYVE-1high) 6.5% 6 1.0% vs. 11.1% 6 1.4%, n ¼ 6, P < 0.00001 (E) of the total cornea. Representative data from three independent
experiments are shown. (F) Graft opacity scores of RvD1a-treated and vehicle-treated mice (two-way ANOVA with Bonferroni posttest, n¼8, ***P <
0.0001). (G) Kaplan-Meier graft survival curve of allografted BALB/c hosts treated with 100 ng RvD1a intravenously once a week for up to 8 weeks
after corneal transplantation (log-rank analysis n ¼ 8, *P ¼ 0.02).
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RvD1a significantly increased corneal allograft survival. In-
creased graft survival is associated with reduced host T-cell
allosensitization, graft T-cell infiltration, and corneal angiogen-
esis. The proresolving mediator RvD1a may thus serve as a
novel therapeutic for controlling alloimmunity after corneal
transplantation.
Acknowledgments
The authors thank Susanne Eiglmeier, PhD, Tina Shiang, BS, and
Homer Chiang, BS, for their assistance in the preparation of the
manuscript.
Supported by the National Institutes of Health, National Eye
Institute (R01 EY 12963 [RD]), Richard Lindstrom/EBAA Research
Fund (YJ, RD), and the National Institute of General Medical
Sciences (GM095467 and GM038765 [CNS]).
Disclosure: J. Hua, None; Y. Jin, None; Y. Chen, None; T.
Inomata, None; H. Lee, None; S.K. Chauhan, None; N.A.
Petasis, Resolvyx Pharmaceuticals (I), P; C.N. Serhan, Resolvyx
Pharmaceuticals (I), P; R. Dana, None
References
1. Serhan CN. Mediator lipidomics. Prostaglandins Other Lipid
Mediat. 2005;77:4–14.
2. Serhan CN. Resolution phase of inflammation: novel endoge-
nous anti-inflammatory and proresolving lipid mediators and
pathways. Annu Rev Immunol. 2007;25:101–137.
3. Serhan CN, Hong S, Gronert K, et al. Resolvins: a family of
bioactive products of omega-3 fatty acid transformation
circuits initiated by aspirin treatment that counter proinflam-
mation signals. J Exp Med. 2002;196:1025–1037.
4. Serhan CN, Clish CB, Brannon J, Colgan SP, Chiang N, Gronert
K. Novel functional sets of lipid-derived mediators with
antiinflammatory actions generated from omega-3 fatty acids
via cyclooxygenase 2-nonsteroidal antiinflammatory drugs and
transcellular processing. J Exp Med. 2000;192:1197–1204.
5. Dalli J, Serhan CN. Specific lipid mediator signatures of human
phagocytes: microparticles stimulate macrophage efferocyto-
sis and pro-resolving mediators. Blood. 2012;120:e60–e72.
6. Ramon S, Gao F, Serhan CN, Phipps RP. Specialized proresolv-
ing mediators enhance human B cell differentiation to
antibody-secreting cells. J Immunol. 2012;189:1036–1042.
7. Odusanwo O, Chinthamani S, McCall A, Duffey ME, Baker OJ.
Resolvin D1 prevents TNF-alpha-mediated disruption of
salivary epithelial formation. Am J Physiol Cell Physiol.
2012;302:C1331–C1345.
8. Claria J, Dalli J, Yacoubian S, Gao F, Serhan CN. Resolvin D1
and resolvin D2 govern local inflammatory tone in obese fat. J
Immunol. 2012;189:2597–2605.
9. Dartt DA, Hodges RR, Li D, Shatos MA, Lashkari K, Serhan CN.
Conjunctival goblet cell secretion stimulated by leukotrienes is
reduced by resolvins D1 and E1 to promote resolution of
inflammation. J Immunol. 2011;186:4455–4466.
10. Duffield JS, Hong S, Vaidya VS, et al. Resolvin D series and
protectin D1 mitigate acute kidney injury. J Immunol. 2006;
177:5902–5911.
11. Xu ZZ, Zhang L, Liu T, et al. Resolvins RvE1 and RvD1
attenuate inflammatory pain via central and peripheral
actions. Nat Med. 2010;16:592–597.
12. Levy BD, Clish CB, Schmidt B, Gronert K, Serhan CN. Lipid
mediator class switching during acute inflammation: signals in
resolution. Nature Immunol. 2001;2:612–619.
13. Jin Y, Arita M, Zhang Q, et al. Anti-angiogenesis effect of the
novel anti-inflammatory and pro-resolving lipid mediators.
Invest Ophthalmol Vis Sci. 2009;50:4743–4752.
14. Ganea D, Kocieda V, Kong W, Yen JH. Modulation of dendritic
cell function by PGE2 and DHA: a framework for understand-
ing the role of dendritic cells in neuroinflammation. Clin
Lipidol. 2011;6:277–291.
15. Chiang N, Fredman G, Backhed F, et al. Infection regulates pro-
resolving mediators that lower antibiotic requirements.
Nature. 2012;484:524–528.
16. Krishnamoorthy S, Recchiuti A, Chiang N, et al. Resolvin D1
binds human phagocytes with evidence for proresolving
receptors. Proc Natl Acad Sci U S A. 2010;107:1660–1665.
17. Norling LV, Dalli J, Flower RJ, Serhan CN, Perretti M. Resolvin
D1 limits polymorphonuclear leukocyte recruitment to
inflammatory loci: receptor-dependent actions. Arterioscler
Thromb Vasc Biol. 2012;32:1970–1978.
18. Rogerio AP, Haworth O, Croze R, et al. Resolvin D1 and aspirin-
triggered resolvin D1 promote resolution of allergic airways
responses. J Immunol. 2012;189:1983–1991.
19. Arita M, Bianchini F, Aliberti J, et al. Stereochemical
assignment, antiinflammatory properties, and receptor for
the omega-3 lipid mediator resolvin E1. J Exp Med. 2005;201:
713–722.
20. Vassiliou EK, Kesler OM, Tadros JH, Ganea D. Bone marrow-
derived dendritic cells generated in the presence of resolvin
E1 induce apoptosis of activated CD4þ T cells. J Immunol.
2008;181:4534–4544.
21. Krishnamoorthy S, Recchiuti A, Chiang N, Fredman G, Serhan
CN. Resolvin D1 receptor stereoselectivity and regulation of
inflammation and proresolving microRNAs. Am J Pathol.
2012;180:2018–2027.
22. Liu Y, Chen K, Wang C, et al. Cell surface receptor FPR2
promotes antitumor host defense by limiting M2 polarization
of macrophages. Cancer Res. 2013;73:550–560.
23. Gao JL, Guillabert A, Hu J, et al. F2L, a peptide derived from
heme-binding protein, chemoattracts mouse neutrophils by
specifically activating Fpr2, the low-affinity N-formylpeptide
receptor. J Immunol. 2007;178:1450–1456.
24. Chen K, Le Y, Liu Y, et al. A critical role for the g protein-
coupled receptor mFPR2 in airway inflammation and immune
responses. J Immunol. 2010;184:3331–3335.
25. Lechler R, Ng WF, Steinman RM. Dendritic cells in transplan-
tation—friend or foe? Immunity. 2001;14:357–368.
26. Morelli AE, Thomson AW. Tolerogenic dendritic cells and the
quest for transplant tolerance. Nat Rev Immunol. 2007;7:
610–621.
27. Steinman RM, Gutchinov B, Witmer MD, Nussenzweig MC.
Dendritic cells are the principal stimulators of the primary
mixed leukocyte reaction in mice. J Exp Med. 1983;157:613–
627.
28. Yamagami S, Dana MR. The critical role of lymph nodes in
corneal alloimmunization and graft rejection. Invest Ophthal-
mol Vis Sci. 2001;42:1293–1298.
29. Yamagami S, Dana MR, Tsuru T. Draining lymph nodes play an
essential role in alloimmunity generated in response to high-
risk corneal transplantation. Cornea. 2002;21:405–409.
30. He YG, Ross J, Niederkorn JY. Promotion of murine orthotopic
corneal allograft survival by systemic administration of anti-
CD4 monoclonal antibody. Invest Ophthalmol Vis Sci. 1991;
32:2723–2728.
31. Huq S, Liu Y, Benichou G, Dana MR. Relevance of the direct
pathway of sensitization in corneal transplantation is dictated
by the graft bed microenvironment. J Immunol. 2004;173:
4464–4469.
32. Yamagami S, Kawashima H, Endo H, et al. Cytokine profiles of
aqueous humor and graft in orthotopic mouse corneal
transplantation. Transplantation. 1998;66:1504–1510.
Resolvin D1a Suppresses DC Maturation and Alloimmunity IOVS j September 2014 j Vol. 55 j No. 9 j 5950
33. Niederkorn JY. Immune mechanisms of corneal allograft
rejection. Curr Eye Res. 2007;32:1005–1016.
34. Inaba K, Inaba M, Deguchi M, et al. Granulocytes, macrophag-
es, and dendritic cells arise from a common major histocom-
patibility complex class II-negative progenitor in mouse bone
marrow. Proc Natl Acad Sci U S A. 1993;90:3038–3042.
35. Kasuga K, Yang R, Porter TF, et al. Rapid appearance of
resolvin precursors in inflammatory exudates: novel mecha-
nisms in resolution. J Immunol. 2008;181:8677–8687.
36. Sun YP, Oh SF, Uddin J, et al. Resolvin D1 and its aspirin-
triggered 17R epimer. Stereochemical assignments, anti-
inflammatory properties, and enzymatic inactivation. J Biol
Chem. 2007;282:9323–9334.
37. Jin Y, Shen L, Chong EM, et al. The chemokine receptor CCR7
mediates corneal antigen-presenting cell trafficking. Mol Vis.
2007;13:626–634.
38. Sano Y, Ksander BR, Streilein JW. Murine orthotopic corneal
transplantation in high-risk eyes. Rejection is dictated primar-
ily by weak rather than strong alloantigens. Invest Ophthalmol
Vis Sci. 1997;38:1130–1138.
39. Liu Y, Hamrah P, Zhang Q, Taylor AW, Dana MR. Draining
lymph nodes of corneal transplant hosts exhibit evidence for
donor major histocompatibility complex (MHC) class II-
positive dendritic cells derived from MHC class II-negative
grafts. J Exp Med. 2002;195:259–268.
40. Kasuga K, Yang R, Porter TF, et al. Rapid appearance of
resolvin precursors in inflammatory exudates: novel mecha-
nisms in resolution. J Immunol. 2008;181:8677–8687.
41. Sun YP, Oh SF, Uddin J, et al. Resolvin D1 and its aspirin-
triggered 17R epimer. Stereochemical assignments, anti-
inflammatory properties, and enzymatic inactivation. J Biol
Chem. 2007;282:9323–9334.
42. Serhan CN, Petasis NA. Resolvins and protectins in inflamma-
tion resolution. Chem Rev. 2011;111:5922–5943.
43. Jin Y, Chauhan SK, El Annan J, Sage PT, Sharpe AH, Dana R. A
novel function for programmed death ligand-1 regulation of
angiogenesis. Am J Pathol. 2011;178:1922–1929.
44. Chen L, Hamrah P, Cursiefen C, et al. Vascular endothelial
growth factor receptor-3 mediates induction of corneal
alloimmunity. Nat Med. 2004;10:813–815.
45. Boisgerault F, Liu Y, Anosova N, Ehrlich E, Dana MR, Benichou G.
Role of CD4þ and CD8þT cells in allorecognition: lessons from
corneal transplantation. J Immunol. 2001;167:1891–1899.
46. Niederkorn JY. Corneal transplantation and immune privilege.
Int Rev Immunol. 2013;32:57–67.
47. Serhan CN, Krishnamoorthy S, Recchiuti A, Chiang N. Novel
anti-inflammatory–pro-resolving mediators and their recep-
tors. Curr Top Med Chem. 2011;11:629–647.
48. Uddin M, Levy BD. Resolvins: natural agonists for resolution of
pulmonary inflammation. Prog Lipid Res. 2011;50:75–88.
49. Cooray SN, Gobbetti T, Montero-Melendez T, et al. Ligand-
specific conformational change of the G-protein-coupled
receptor ALX/FPR2 determines proresolving functional re-
sponses. Proc Natl Acad Sci U S A. 2013;110:18232–18237.
50. Yang D, Chen Q, Le Y, Wang JM, Oppenheim JJ. Differential
regulation of formyl peptide receptor-like 1 expression during
the differentiation of monocytes to dendritic cells and
macrophages. J Immunol. 2001;166:4092–4098.
51. Kong W, Yen JH, Vassiliou E, Adhikary S, Toscano MG, Ganea
D. Docosahexaenoic acid prevents dendritic cell maturation
and in vitro and in vivo expression of the IL-12 cytokine family.
Lipids Heath Dis. 2010;9:12.
52. Zeyda M, Saemann MD, Stuhlmeier KM, et al. Polyunsaturated
fatty acids block dendritic cell activation and function
independently of NF-kappaB activation. J Biol Chem. 2005;
280:14293–14301.
53. Qian Y, Boisgerault F, Benichou G, Dana MR. Blockade of
CD40-CD154 costimulatory pathway promotes survival of
allogeneic corneal transplants. Invest Ophthalmol Vis Sci.
2001;42:987–994.
54. Ganea D, Kocieda V, Kong W, Yen JH. Modulation of dendritic
cell function by PGE2 and DHA: a framework for understand-
ing the role of dendritic cells in neuroinflammation. Clin
Lipidol. 2011;6:277–291.
55. Zapata-Gonzalez F, Rueda F, Petriz J, et al. Human dendritic cell
activities are modulated by the omega-3 fatty acid, docosahex-
aenoic acid, mainly through PPAR(gamma):RXR heterodimers:
comparison with other polyunsaturated fatty acids. J Leukoc
Biol. 2008;84:1172–1182.
56. Wang H, Hao Q, Li QR, et al. Omega-3 polyunsaturated fatty
acids affect lipopolysaccharide-induced maturation of dendrit-
ic cells through mitogen-activated protein kinases p38.
Nutrition. 2007;23:474–482.
57. Zeyda M, Saemann MD, Stuhlmeier KM, et al. Polyunsaturated
fatty acids block dendritic cell activation and function
independently of NF-kappaB activation. J Biol Chem. 2005;
280:14293–14301.
58. Kong W, Yen JH, Ganea D. Docosahexaenoic acid prevents
dendritic cell maturation, inhibits antigen-specific Th1/Th17
differentiation and suppresses experimental autoimmune
encephalomyelitis. Brain Behav Immun. 2011;25:872–882.
59. Hargrave SL, Hay C, Mellon J, Mayhew E, Niederkorn JY. Fate of
MHC-matched corneal allografts in Th1-deficient hosts. Invest
Ophthalmol Vis Sci. 2004;45:1188–1193.
60. Hamrah P, Liu Y, Zhang Q, Dana MR. The corneal stroma is
endowed with a significant number of resident dendritic cells.
Invest Ophthalmol Vis Sci. 2003;44:581–589.
61. Cursiefen C, Chen L, Saint-Geniez M, et al. Nonvascular VEGF
receptor 3 expression by corneal epithelium maintains
avascularity and vision. Proc Natl Acad Sci U S A. 2006;103:
11405–11410.
62. Tan Y, Cruz-Guilloty F, Medina-Mendez CA, et al. Immunolog-
ical disruption of antiangiogenic signals by recruited allospe-
cific T cells leads to corneal allograft rejection. J Immunol.
2012;188:5962–5969.
63. Dana MR. Angiogenesis and lymphangiogenesis-implications
for corneal immunity. Semin Ophthalmol. 2006;21:19–22.
Resolvin D1a Suppresses DC Maturation and Alloimmunity IOVS j September 2014 j Vol. 55 j No. 9 j 5951
